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Fig. 11I-19. Spearman Rank Correlation between Bottom Water Dissolved Oxygen (mg/1) and Total

Wind Miles on the Previous Day (WP), Average Total Wind Miles on the Sampling -
Date and the Previous Day (WM), Year, Nitrate Nitrogen (NO3), Chlorophyll a (CHL),
Total Phosphorus (TPHOs), Ammonia Nitrogen (NH,), Bottom Water Temperature
(BTEMP), Bottom Water Salinity (BSAL), and Vertical Salinity Gradient (DSAL) in the
Pamlico River. From Stanley (1988b).
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Fig. III-20. Spearman Rank Correlation between Vertical Salinity Gradient and River Flow on

Sampling Date (FLOW), Flows 5 Days (F-5), 10 Days (F-10), and 15 Days (F-15)before
Sampling, Average Flows for 5-Day (F5M), 10-Day (F10M), and 15-Day (F15M)
Intervals before Sampling, Total Wind Miles on Sampling Date (WIND), Total Wind
Miles 1 Day (W-1) and 2 Days (W-2) before Sampling Date, and Average Total Wind
for 2-Day (W2M) and 3-Day (W3M) Intervals before Sampling in the Pamlico River.
From Stanley (1988b).
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3. The mechanism by which the stronger cross-channel winds produce vertical mixing appears to be by
inducing upwelling along the lee shore of the estuary. During this process, surface water is carried
across the estuary from the lee to the windward shore, and bottom water rises to replace it along the
lee shore. As a consequence, surface waters may be cooler along the lee shore and benthic or
bottom dwelling organisms along the lee side of the estuary may be exposed more frequently and for
longer periods to bottom water that is lower in dissolved oxygen. During summer, the prevailing
cross-channel winds blow toward the northeast more frequently than toward the southwest. This
could explain why there have been more frequent reports of blue crab mortalities along the south
shore of the Pamlico than along the north shore.

The general effect of hypoxia on the fauna of the Pamlico is difficult to assess. Anoxia or hypoxia in
estuarine bottom waters obviously has the potential to seriously impact the biota either acutely via kills
or chronically via physiological stress. The short-term effects were documented in the Pamlico during
the late 1960s by Tenore (1970, 1972). He found that the macrobenthos in deeper waters of the estuary
had low species diversity and density in the summer, and that variations in the density were correlated
positively with anoxia/hypoxia. Large kills of the benthos occurred quickly in the affected areas following
the onset of hypoxia, however, these areas were recolonized by the following winter (Tenore 1972).
While these results seem dramatic, and are often cited to illustrate the Pamlico’s oxygen "problem”, they
are probably typical for most estuaries (Stanley 1985).

There are no systematic data regarding fish and benthos kills in North Carolina estuaries, although
most Kills have been attributed to low dissolved oxygen. Most measurements have been made after a kill
is reported so that precise determination of circumstances at the time of a kill is difficult. The
implementation of the Pamlico Environmental Response Team (PERT) has the potential of enabling the
NC Division of Environmental Management to gather more pertinent information. Stanley (1985)
recently attempted an assessment of dissolved oxygen conditions in 23 estuaries in North Carolina, South
Carolina and Georgia. One conclusion from this review was that none of these estuaries suffers from
extended, widely-ranging hypoxia. Rather, the events appear to be of short duration and do not appear
to have a serious impact on the estuaries, although benthic fauna are affected temporarily. Lack of
long-term monitoring data for all these systems except the Pamlico River makes it impossible to
determine exactly how much impact cultural eutrophication has had on the dissolved oxygen conditions.
A study by Turner et al. (1987) showed that oxygen depletion in the bottom waters of Mobile Bay is
caused by the same factors operating in the Pamlico River. They found that hypoxia was directly related
to the intensity of water column stratification, which in turn was coincidental with low wind velocities.
More than 80% of the dissolved oxygen variation in their samples was explained by variations in the
vertical salinity gradient. An analysis showing a trend toward worsening dissolved oxygen conditions in
the bottom waters of Chesapeake Bay (Officer et al. 1984) has been widely publicized, but the study
results have come under recent attack by two bay-area scientists (Seliger and Boggs 1988) who have re-
examined the data. Until a comprehensive analysis of the interacting factors leading to anoxia in the
Albemarle-Pamlico estuarine system has been completed, the direct cause of low dissolved oxygen
conditions will remain elusive. Currently, the predictive trend is that the conditions will remain sporadic
and spatially limited.

C. 2. b. Nutrient Enrichment. In situ nutrient addition bioassays for nitrogen, phosphorus, and trace
metals conducted on four to six week intervals have thus far proven valuable in identifying those
nutrients responsible for regulating and limiting algal growth and algal community growth potentials
(Paer! and Bowles 1986; Paerl 1987). Advantages of the in situ bioassay approach over the more
traditional "standard” algal assays include: 1) the ability to examine nutrient enrichment responses by
naturally occurring algal communities, 2) incubation and assay conditions which closely approximate light,
temperature and turbulence regimes in the estuary, and 3) the utility of examining two parallel (and
relevant) indicators of algal growth, carbon dioxide assimilation, and chlorophyll content, in highly
replicated treatments.

Water Quality - 66



Hans Paerl, University of North Carolina Institute of Marine Science, and co-workers have completed
a three year study of nutrient addition and bioassys (November 1987-October 1990) in the lower Neuse
River Estuary (Paerl et al. 1990). The bioassay results suggest a seasonal pattern in concert with
estuarine phytoplankton biomass concentrations and productivity rates (Figures III-6 and III-16). Severe
nitrogen limitation occurs in summer when algal biomass and production are high. There is somewhat
less profound nitrogen limitation in fall and winter when biomass and production are at annual minima.
Nitrogen and phosphorous co-stimulation (or synergism) occurs in the spring. With the exception of the
winter 1989-90, these patterns repeated in years when flow and hence loading were low (1988), near
average (1990), and high (1989).

The co-stimulation of phytoplankton biomass and production by nitrogen and phosphorus appears to
be associated with periods of relatively high dissolved inorganic N:P (DIN:DIP) ratios in the water
column which occurred during spring months. During periods when the DIN:DIP ratios were in excess
of 10, phosphorus enrichment often played a synergistic role with nitrogen in stimulating phytoplankton
growth potentials. Other estuaries have been found to exhibit seasonal variations in nutrient limitation.
In the Patuxent River estuary, a tributary of the Chesapeake Bay, algal growth was found to be nitrogen
limited during the summer, low-flow season and phosphorus limited during the late winter, high-flow
season (D’Elia et al. 1986). As in the Neuse River Estuary, DIN:DIP ratios were elevated during
phosphorus limitation. Graneli et al. (1990) also found phosphorus limitation in winter and nitrogen
limitation in spring and summer in the coastal area of the southern Baltic Sea.

The bioassay results from the fall of 1989 through the spring of 1990 illustrate how the Neuse River
Estuary is dependent on acute loading events to supply nutrients eventually needed for chronic nutrient
recycling. The bioassays showed a progression from severe nitrogen limitation in the fall of 1989 (high
NOj- stimulation), to no stimulation in December during a nutrient loading event, to nitrogen limitation
during a Heterocapsa triquetra bloom in January and February, to a nitrogen and phosphorus co-limited
algal community in April and May after the bloom declines. The phytoplankton community in April and
May may have been dependent upon nutrients regenerated from the organic matter previously
transported to the bottom as a result of the bloom decline in March (Figure III-5).

However, despite the inter-annual variations in hydrologic and nutrient loading events during our
study, it is striking how similar phytoplankton production and biomass levels were after the high flow
season, when compared year to year (Figure III-16). The summer production and chlorophyll a levels
from 1988-1990 were similar to estuarine averages ranging from 1.0 to 1.4 gC/m2/day and from 15.4 to
20.6 ug chla/l. the fate of the algal biomass produced in the winter-spring floods of 1989 and 1990 is
not known, although some was likely converted to increased zooplankton biomass (Mallin, unpublished).

Trace metals added alone or in combination with nitrogen and phosphorus failed to exhibit any
impacts upon growth potentials (data not shown) and so we concluded that natural availability of these
metals exceeds phytoplankton growth requirements in the Neuse River Estuary. Diatoms may be limited
by the availability of silica (Oviatt et al. 1989). Silica (1.5 ug/l) was added as a bioassay from April 1989
through October 1989, but silica did not seem to be limiting phytoplankton biomass or production in the
Neuse River Estuary during the spring, summer, and fall of 1989.

The sounds of the Albemarle-Pamlico estuarine system have extremely limited tidal exchange with the
off-shore waters. Given this, it would not bode well for the future of Albemarle and Pamlico Sounds if
their tributary estuaries were being flushed or were transporting their nutrient loads as particulate matter
downstream.

C. 2. c._Sediment Conditions. There is some evidence that the Albemarle-Pamlico estuarine

sediments have been degraded from recent anthropogenic loadings and other human disturbances, but
there is little or no evidence that any degradation has been due to changes in bottom sediment nutrient
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processing routes or rates. We do not have a long-term data base which would support arguments
regarding changes and trends in sediment characteristics and water quality impacts.

On the other hand, very poor water quality conditions in other Atlantic estuaries, such as the
Potomac River, provide a warning signal. There is a need for more extensive knowledge of
sediment-water interactions and for long-term monitoring of changes in sediment types and functioning.
This is just now beginning under the Albemarle-Pamlico Estuarine Study (Riggs et al. 1989; Wells 1989).
Standardized methods must be adopted for the primary monitoring program in order to compare results
from different areas, different years, and different investigators. On the other hand, investigators should
be supported and indeed be encouraged, to ask new questions and to develop new approaches to study
old problems. It is important to adopt or develop comprehensive models of estuarine water quality
which incorporate sediment interactions along with nutrient loadings, hydrology, insolation, temperature,
and other controlling factors. Outputs of the model should aim to predict such variables as anoxic
bottom waters, nutrient concentrations and phytoplankton productivity.

C. 3. Identification of Needed Information

Considerable investment of manpower and funds have been directed towards accumulating
information concerning water quality in the Albemarle-Pamlico estuarine system. Much of the work has
been isolated in time and space, thus limiting attempts to build a total picture of functional
characteristics of the trends in water quality. Several needs have been identified:

1. Determine loadings of nitrogen and phosphorus (dissolved, particulate, organic, and inorganic)
in the Albemarle-Pamlico estuarine system, and elucidate the cycling characteristics and
ultimate fates of these loadings. The ultimate utility of such information will be dictated by
the consideration given to existing and future freshwater nutrient input data, sediment input
and sedimentation/resuspension information, and water input/circulation/retention data for the
Albemarle-Pamlico estuarine system. This effort should utilize a "grid approach” so as to
obtain data with spatial and temporal integrity.

2. Investigate the relative importance of nitrogen and phosphorus as potential limiting factors
governing primary production. This would link nutrient input, cycling, and fate information
with in situ primary productivity, nutrient addition/dilution bioassays and nutrient up-
take/cycling kinetics determinations. This effort should focus on locations bordering major
estuarine input sources such as the Neuse, Pamlico, Chowan Rivers, as well as on several
locations in the mid-Sound region.

3. Conduct a comparative study aimed at delineating physical and chemical limitations on
primary production in the Albemarle-Pamlico estuarine system. Turbidity (sediment resus-
pension and water color) and temperature exert independent limitations on quantitative and
qualitative aspects of primary production. It is well known that nutrients (most likely
nitrogen) operate simultaneously to limit primary production. This study must address the
relative importance of each type of limiting factor on a seasonal and temporal basis in all parts
of the estuarine system. In all likelihood, a novel, non-monitoring oriented experimental
approach should be employed in addressing this vital set of questions. Information generated
from this project should be presented in such a manner as to be useful for both water quality
management and flux/mass balance modeling efforts.

4. Determine the presence of, and potential for, proliferation of phytoplankton considered
undesirable from trophic, recreational, and aesthetic perspectives, in response to nutrient and
sediment enrichment in the Albemarle-Pamlico estuarine system. Specifically, blue-green algae
and toxic dinoflagellates (red tides) should be investigated with the goal of establishing nutrient
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input and concentration "thresholds", above which periodic dominance and blooms might be
anticipated. Ancillary environmental factors known to play regulatory roles in nuisance bloom
development, such as salinity, turbidity, thermohaline stratification, and humic substances,
should receive parallel consideration in spatial and temporal evaluations of bloom development
within the estuarine system.

5. Investigate the incidence and impacts of enhanced hypolimnetic and sediment deoxygenation.
The interaction and impact of stratification, water movement, temperature and wind on the
intensity and stability of deoxygenation needs to be characterized. In addition, the roles of
enhanced nutrient loading from "internal” recycling processes and loading and the resultant
eutrophication need to be identified and their relationship to hypoxia determined.

6. Examine and evaluate potential trophic (food chain) impacts attributable to eutrophication. It
should be emphasized that such impacts may prove to be positive (i.e., enhanced production of
desirable herbivore, fish and shellfish species due to enhanced production of desirable phyto-
plankton) or negative (i.e., decreases in production of utilizable commercial fish and/or shellfish
species resulting from enhanced production of non-utilizable or toxic phytoplankton). This
effort should incorporate both laboratory-oriented feeding and phytoplankton assimilation
studies, and field evaluations of the utilization of primary producers (emphasizing potential
nuisance species) by herbivorous zooplankton, larval and mature invertebrates, and commer-
cially important fish.

7. Develop a model to consider all factors which affect water quality. Although sediment-water
exchanges are important to nutrient cycling and metal storage in estuaries, these exchanges are
only one of the fluxes that dominate cycling in certain places at certain times. A
multidisciplinary evaluation of the physical, chemical, and biological interaction of inputs is the
only way that the total picture can be determined.

8. Conduct a long-term seasonal assessment of the phytoplankton productivity, biomass, and
taxonomic structure of Pamlico Sound proper, and characterize the zooplankton community.
Currently, these data do not exist for Pamlico Sound proper, but are essential for any future
assessment of the food chains there.

D. CONCLUSIONS

1. The US Geological Survey has gathered abundant data on stream discharges in North Carolina
over several decades. Groundwater discharge directly into the estuaries and tidal exchange
through the inlets are also important hydrologic processes affecting Albemarle-Pamlico water
quality. Yet, there is little information on these processes for the system.

2. Among the vast suite of nutrients essential for primary production, nitrogen and phosphorus
have been of most concern as "limiting factors” controlling eutrophication. Accelerated
eutrophication is of environmental and economic concern. Frequently, serious water quality
degradation, in the form of uncontrolled nuisance algal blooms, accompanies accelerated
eutrophication. To varying degrees, symptoms and fully developed cases of eutrophication have
affected some tributaries of the Albemarle-Pamlico estuarine system. In all cases, enhanced
sediment and soluble nutrient loadings have been identified or suspected as causative agents for
some forms of water quality degradation.
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Sources of pollution are generally grouped into two categoriess-point sources and nonpoint
sources. Point sources of pollution enter a stream or estuary at a discrete location (or point),
usually a discharge pipe. Point sources include municipal and private wastewater treatment
facilities. These facilities must obtain a permit from the NC Division of Environmental
Management which limits the amount of pollution that may be discharged to a given water
body. In contrast to point source pollution, nonpoint source pollution is that which enters
waters mainly as a result of precipitation and subsequent runoff from land -- primarily from
what has been disturbed by man’s activities. Examples include runoff from urban areas,
agricultural lands and construction sites. Nonpoint source pollution is addressed through a
combination of regulatory, cost incentive and voluntary programs.

The first detailed study of the metals and toxins in the Albemarle-Pamlico estuarine system is
underway. The first phase, the evaluation of heavy metal pollutants in organic-rich muds of
the Pamlico River Estuary, has been completed. The Neuse River and Albemarle Sound
estuaries will be evaluated by late 1991.

There have been at least 5 investigations of bottom sediment characteristics, elemental cycling,
and exchange of materials between sediments and overlying waters in the Chowan River,
Pamlico River, and Neuse River estuarine systems.

In 1988, the NC Division of Environmental Management conducted a water quality assessment
of the Albemarle-Pamlico study area as part of the statewide Nonpoint Source Assessment
Report to determine impacts from nonpoint sources of pollution. Using information from
"monitored” and "evaluated" stream segments, overall water quality ratings were assigned to
nearly all stream and estuary segments. In the Albemarle-Pamlico study area, 49% of all
stream segments were judged to be un-affected by nonpoint sources of pollution, nearly 40%
were partially or seriously impacted, and 11% were not evaluated. In the estuarine portion of
the study area, about 93% of the segments were un-affected by nonpoint sources.

Despite the scarcity of open-water nutrient and productivity data, a reasonably diverse and
comprehensive data bank has been established for some of the main tributaries; the Chowan,
Pamlico, and Neuse River Estuaries. The main forms of nutrient inputs are nitrates and
phosphates; ammonia is more significant as an "internally cycled” nutrient. Nonpoint sources
are thought to be the major contributors of both nitrates and phosphates, although point
sources are more significant sources of phosphates than nitrates and during the summer
nitrates from point sources become relatively more important.

Nitrogen loading and cycling (chiefly as nitrate) are strong determinants in the regulation and
ultimate limitation of primary production as well as in bloom development in the freshwater
tributaries and diverse estuaries examined to date. Accordingly, nitrogen loading and flux rates,
and magnitude, timing, and location of inputs, are of vital importance in assessing production
and eutrophication processes in the estuarine portions of the study area. Phosphorus loading,
cycling and utilization by phytoplankton, on the other hand, present quite a different picture.
There are, indeed, quite high standing concentrations of phosphate in North Carolina coastal
waters. In the Pamlico River estuary the concentration is higher than in most similar systems
in the country. Whereas inorganic nitrogen is often rapidly depleted during summer
phytoplankton growth periods, phosphate concentrations act in a much more conservative
fashion, indicating both excess supplies and a general lack of phosphorus limitation.
Furthermore, phosphorus is effectively recycled between sediments and the water column,
assuring the maintenance of sufficient supplies of phosphate during periods of maximum
phytoplankton demand. Exceptions may occur, however, in the Chowan River during bloom
periods when high algal biomass leads to parallel depletion of nitrogen and phosphorus.
Phosphorus appears to have limiting effects during the high runoff spring months when rapid
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10.

11.

12.

dilution can occur, i.e., additions provide stimulation of productivity in the presence of
nitrogen.

Accelerated nutrient loading, particularly over the past 2 to 3 decades, has ushered in some
ominous and increasingly common symptoms of eutrophication, which apparently were
extremely rare prior to World War II. However, eutrophication data prior to the mid-1960s do
not exist. Trend analysis for the Neuse River Estuary indicates that total phosphorus loadings
from all sources increased about 60% during the past century, primarily due to point sources,
and total annual nitrogen loading was estimated to have increased about 70%, from both point
and nonpoint sources. By contrast, total phosphorus levels in the middle of the Pamlico
Estuary have doubled since 1967, with smaller increases in both upstream and downstream
sections. Nitrogen concentrations are very similar to those of the Neuse River. No trend
analyses have been performed on other estuaries in the study area. It is recommended that a
long-term trend analysis be completed for the Albemarle Sound area.

Bottom water dissolved oxygen concentration is controlled primarily by climatic and hydrologic
factors in the Pamlico River Estuary, the only area where studies have been conducted. There
has been no trend toward lower dissolved oxygen concentrations over the past 17 years of
record. Low oxygen bottom water (hypoxia) does not occur in the estuary when water
temperatures are lower than about 20°C. Above 20°C, dissolved oxygen values of less than 1
mg/liter were found in about 20% of the samples from the upper estuary, but in only 4% of
the samples from the lower estuary. Salinity stratification prevents mixing of the bottom water
with surface water, which prevents aeration of the bottom water leading to hypoxia. Hypoxia
can become established in a short period of time during summer and, conversely, can dissipate
very quickly if mixing occurs. A monitoring program needs to be established to provide more
consistent data upon which to model hypoxia.

There is little or no evidence to support the hypothesis that the Albemarle-Pamlico estuarine
sediments are qualitatively much different today than they were in past centuries. Long-term
data upon which to base arguments regarding changes and trends in sediment characteristics
and subsequent water quality impacts are not available.

A model needs to be developed to consider all factors which affect water quality. Although
sediment-water exchanges are important to nutrient cycling and metal storage in estuaries,
these exchanges are only one flux that dominates cycling in certain places at certain times --
there are many others. A multidisciplinary approach to the physical, chemical and biological
interaction of inputs and interactions is the only way that the total picture can be determined.
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